Citation: Ho LC, Conner IP, Do C-W, et al. In vivo assessment of aqueous humor dynamics upon chronic ocular hypertension and hypotensive drug treatment using gadolinium-enhanced MRI. Invest Ophthalmol Vis Sci. 2014;55:3747-3757. DOI:10.1167/ iovs.14-14263 PURPOSE. Although glaucoma treatments alter aqueous humor (AH) dynamics to lower intraocular pressure, the regulatory mechanisms of AH circulation and their contributions to the pathogenesis of ocular hypertension and glaucoma remain unclear. We hypothesized that gadolinium-enhanced magnetic resonance imaging (Gd-MRI) can visualize and assess AH dynamics upon sustained intraocular pressure elevation and pharmacologic interventions.
G laucoma is an irreversible neurodegenerative disease of the visual system [1] [2] [3] [4] [5] and is the second leading cause of blindness in the world. 6 As elevation of intraocular pressure (IOP) is the major risk factor for glaucoma, all approved clinical strategies to manage glaucoma target lowering IOP by altering aqueous humor dynamics. 7 Antiglaucoma agents may lower IOP through different mechanisms that include suppressing aqueous humor formation or inflow, facilitating aqueous humor drainage or outflow, or the combination of both. However, the exact regulatory mechanisms of aqueous humor circulation and the contributions of imbalanced aqueous humor dynamics to the pathogenesis of ocular hypertension and glaucoma are not fully elucidated.
Several techniques have been able to trace aqueous humor dynamics, such as anterior chamber infusion and the use of radioactive and fluorescent tracers. [8] [9] [10] [11] [12] However, most of these techniques involve invasive procedures that preclude longitudinal monitoring of aqueous humor dynamics due to alterations of normal physiological conditions. Gadolinium (Gd) diethylenetriamine-pentaacetic acid (DTPA) is a passive T1 magnetic resonance (MR) contrast agent clinically approved for assessing blood flow and vascular leakage in the eye, 13 -16 the brain, [17] [18] [19] and the body. 20, 21 Because of its small molecular weight, it can also mimic aqueous humor components and readily pass through the leaky blood-aqueous barrier but not the aqueous-vitreous or blood-retinal barrier in normal adult eyes upon systemic administration. 20, [22] [23] [24] [25] [26] [27] [28] Gadolinium-enhanced magnetic resonance imaging (Gd-MRI) has been used to demonstrate the entrance of Gd into ciliary body stroma and its passage into the anterior chamber. 20, 22, 23 Gadolinium does not actively transport to the ocular components and is known to be a passive permeability tracer reflecting the functions of tight junctions between cells. 26 Gadolinium MRI also allows indepth localization favoring in vivo and longitudinal monitoring of ocular fluid biotransport in different eye components simultaneously. [23] [24] [25] [26] [27] In this study, dynamic Gd-MRI was exploited to visualize and quantitatively assess aqueous humor dynamics and ocular tissue permeability in a rat model of microbead-induced chronic ocular hypertension and in healthy, normotensive rats after unilateral topical applications of three ophthalmic hypotensive eye drops known to affect IOP through different processes. The aim was to better understand in vivo and noninvasively the mechanisms of ocular physiology and biotransport as well as their relationships to altered IOP and glaucoma.
MATERIALS AND METHODS

Animal Preparation
All animal experiments were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and protocols reviewed and approved by the University of Pittsburgh's Institutional Animal Care and Use Committee. Twenty-six adult Sprague-Dawley rats at 8 to 10 weeks old were divided into four groups. For group 1 (microbead [MB]; n ¼ 8), the rats received unilateral microbead-induced chronic ocular hypertension to the right eyes. They were first anesthetized by inhalation of a mixture of air and isoflurane (3% for induction and 1.25% for maintenance). Tropicamide (Akorn, Inc., Lake Forest, IL, USA) and proparacaine (Bausch & Lomb, Inc., Rochester, NY, USA) were topically administered to dilate the pupil and anesthetize the surface of the eye. Polystyrene microbeads (Flurospheres; Invitrogen, Carlsbad, CA, USA) were reformulated at a concentration of 2.0 3 10 7 beads/mL. Five microliters of 15-lm polystyrene microbeads followed by 5 lL of 10-lm microbeads was injected into the anterior chamber by a microinjection system at 12 pounds per square inch (psi) through a sharp glass micropipette (World Precision Instruments, Sarasota, FL, USA) under a surgical microscope so as to occlude the larger pores and then the remaining smaller pores in the trabecular meshwork. An air bubble was injected at the end of the microbead injection in order to push the microbeads into the peripheral anterior chamber and the trabecular meshwork area, and to prevent egress of microbeads after withdrawal of the micropipette. Gentamicin sulfate (Falcon Pharmaceuticals, Ltd., Fort Worth, TX, USA) was topically administered at the end of injection. For groups 2 to 4, the right eyes of 18 healthy, normotensive rats received topical administration of 0.005% latanoprost (Bausch & Lomb, Inc.; group 2; Lat; n ¼ 6), 0.5% timolol maleate (Sandoz Canada, Inc., Boucherville, QC; group 3; Tim; n ¼ 6), and 0.2% brimonidine tartrate (Bausch & Lomb, Inc.; group 4; BT; n ¼ 6) ophthalmic hypotensive solutions at 1 hour prior to MRI experiments. Three weeks after MRI experiments on groups 2 to 4, saline was topically applied to the right eyes of two rats randomly selected from each group (Sal; n ¼ 6) as sham control, and the same Gd-MRI procedures were repeated.
Intraocular Pressure Measurement
The IOPs of both eyes were measured using the TonoLab rebound tonometer (Colonial Medical Supply, Franconia, NH, USA) under isoflurane gas anesthesia. At least 18 valid IOP values from each eye were obtained and averaged. For rats undergoing microbead-induced chronic ocular hypertension, IOP measurements were performed every 3 days after microbead injection, and MRI experiments were performed 3 weeks after microbead injection. Intraocular pressures were also measured immediately before MRI experiments for all rats under identical procedures.
MRI Protocol
All MRI measurements were performed utilizing a 9.4-Tesla/31-cm Varian/Aglient (Santa Clara, CA, USA) horizontal bore scanner with a transmit-receive volume coil. Rats were anesthetized with isoflurane (3% for induction and 1.5% for maintenance) and kept warm under circulating water during the MRI experiment. Respiration rate was monitored using a small pneumatic pillow (SA Instruments, Inc., Stony Brook, NY, USA). Gadolinium-DTPA (Magnevist, Schering, Germany) was intraperitoneally (i.p.) injected at a dose of 0.3 mmol/kg after one T1-weighted MR image using a fast spin echo sequence was acquired at baseline. T1-weighted MR imaging at 30 seconds temporal resolution was continuously acquired for 2 hours. The imaging parameters were repetition time/echo time ¼ 600/8 ms, echo train length ¼ 8, field of view ¼ 26 3 26 mm 2 , and in-plane resolution ¼ 102 3 102 lm 2 . Seven 1-mm-thick slices were positioned across the globes in a coronal orientation using scout T2-weighted MR images in all coronal, transverse, and sagittal planes as references for reproducible localization.
Data Analysis
In the T1-weighted imaging slice bisecting the center of the globes, regions of interest were manually drawn on the anterior chamber and vitreous body of each eye using ImageJ v1.47 (Wayne Rasband, National Institutes of Health, Bethesda, MD, USA). The averaged time course from each region of interest measurement before and after Gd injection was fitted into a sixth-degree polynomial using MatLab (The MathWorks, Inc., Natick, MA, USA). The peak percentage (%) Gd signal enhancement, time to peak, initial rate of Gd signal increase within the first 10 minutes after Gd injection, and the area under the curve were extracted from the time courses and compared between both eyes of the same groups using twotailed paired t-tests, and across groups using one-way ANOVA and post hoc Tukey's tests. Data are presented as mean 6 standard deviation unless otherwise specified. Results were considered significant when P < 0.05. Figure 1 shows the IOP time profiles of the microbead-induced ocular hypertension model, as well as the IOP measurements in both eyes of all groups immediately before MRI experiments. For the microbead group, the IOP of the left control eye remained stable at approximately 14 mm Hg throughout the experimental period, whereas the right eye receiving microbead occlusion demonstrated a sustained IOP elevation by approximately 2-fold compared to the left control eye starting at 1 week after microbead injection. After ocular hypotensive drug treatment to healthy, normotensive rats, the IOPs of the right eyes treated by latanoprost, timolol, and brimonidine were 11 6 3, 8 6 1, and 7 6 1 mm Hg, respectively, and were significantly lower than in their fellow left control eyes (paired t-tests, P < 0.05). There was no significant IOP difference in the left eyes among microbead, latanoprost, timolol, brimonidine, and saline sham control groups (ANOVA, P > 0.05), or between contralateral eyes in the saline group (paired t-test, P > 0.05). Figure 2 shows the basic rat eye anatomy and definitions of regions of interest in the anterior chamber and vitreous body in a representative T1-weighted MR image from the saline group temporally averaged at approximately 1 hour after Gd i.p. injection. Figure 3 shows temporally averaged T1-weighted MR images serially at nine different time intervals from the saline group, showing increasing Gd signal enhancement in the anterior chamber of both eyes within the first hour after Gd injection. Figure 4 shows the mean fitted time courses of Gd signal enhancement in the anterior chamber and vitreous body of each eye of all groups. Quantitative assessments of Gd signal time courses in terms of peak percentage Gd signal enhancement, initial rate of signal increase within the first 10 minutes after Gd injection, time to peak, and the area under the curve are shown in Figure 5 . Due to the limited Gd signal changes in the vitreous body, only the peak percentage Gd signal enhancement and the area under the curve were assessed quantitatively in the vitreous body. The treated right anterior chamber in the microbead group had a 151 6 36% increase in peak Gd intensity relative to baseline and a 4.1 6 2.0%/minute initial increase rate, both of which were significantly higher than in the untreated left anterior chamber (paired t-tests, P < 0.05). Significantly shorter time to peak was also observed in the right anterior chamber (63 6 14 minutes) relative to the left anterior chamber (75 6 9 minutes) in the microbead group (paired t-test, P < 0.05). In contrast, the treated right anterior chamber in the latanoprost group had lower peak intensity (100 6 37%), lower initial increase rate (1.8 6 0.9%/minute), and longer time to peak (74 6 22 minutes) than the untreated left anterior chamber (136 6 39%, 4.0 6 1.7%/minute, and 51 6 16 minutes, respectively; paired t-tests, P < 0.05). Relative to the latanoprost group, the timolol group showed similar and marginally significant trends (paired t-tests between contralateral eyes, P ¼ 0.055-0.2). For the brimonidine group, both left and right anterior chambers had the highest peak intensity (~200%), the lowest initial increase rate, and a delayed time to peak relative to all other groups (ANOVA and post hoc Tukey's tests, P < 0.05). The area under the curve followed trends similar to those for peak intensity measurement. No significant difference was observed in peak intensity in the untreated left anterior chamber among the microbead, latanoprost, timolol, and saline groups (post hoc Tukey's tests, P > 0.05). Initial rate of Gd signal increase in the left anterior chamber in the , timolol maleate (Tim, n ¼ 6), brimonidine tartrate (BT, n ¼ 6), and saline sham control (Sal, n ¼ 6) to the right eyes. Microbead occlusion to the right eye significantly elevated IOP by approximately 2-fold compared to the untreated left eye starting at approximately 1 week after microbead injection up to the end of the experimental period at 3 weeks postinjection. Topical administration of latanoprost, timolol, and brimonidine to the right eyes for approximately 1 hour significantly lowered IOP, whereas no apparent effect on IOP was observed upon topical administration of saline (paired ttests between contralateral eyes, *P < 0.05, **P < 0.01, ***P < 0.001).
RESULTS
FIGURE 2. Representative T1-weighted Gd-enhanced MR image of both eyes temporally averaged at approximately 1 hour after intraperitoneal Gd injection from the saline sham control group, showing basic rat eye anatomy (anterior chamber [AC], vitreous body, and lens) and definitions of regions of interest (ROIs) in the anterior chamber and vitreous (yellow). Hyperintensity was observed in the anterior chamber but was not apparent in the vitreous because of the entrance and accumulation of the small-molecular-weight Gd contrast agent via the highly permeable blood-aqueous barrier but not the aqueous-vitreous or blood-retinal barrier. FIGURE 3. Serial T1-weighted Gd-enhanced MR images of both eyes temporally averaged at nine different time intervals from the saline sham control group, showing differential spatiotemporal Gd enhancement profiles in different ocular components. Upon systemic Gd administration, Gd entered the bloodstream and passed the blood-aqueous barrier but not apparently the aqueous-vitreous or blood-retinal barrier. As Gd diffused and followed aqueous humor flow, it accumulated in the anterior chamber (arrows), resulting in increasing T1-weighted MRI signal enhancement within the first hour after Gd administration.
FIGURE 4.
Mean fitted time courses of percentage (%) change in T1-weighted Gd signal enhancement in the anterior chamber (AC) and vitreous body of each eye in microbead-, latanoprost-, timolol-, brimonidine-, and saline-treated groups after systemic administration of Gd at 0 minutes. Qualitative evaluation revealed that the time course for the treated right anterior chamber in the microbead group skewed leftward with a higher peak intensity compared to the untreated left anterior chamber. There was also a mild Gd signal enhancement in the right vitreous relative to the left vitreous of the microbead group at approximately 2 hours after Gd injection. The Gd signal time courses for the treated right anterior chamber of the latanoprost and timolol groups skewed rightward with a lower peak intensity compared to the untreated left anterior chamber. For the brimonidine group, both left and right anterior chamber time courses possessed the strongest peak Gd signal enhancement and the longest time to peak compared to other groups. No apparent differences were observed in the saline control group between contralateral eyes or in the left control eyes between microbead, latanoprost, and timolol groups. latanoprost and timolol groups appeared higher than in the microbead and saline groups (post hoc Tukey's tests, P ¼ 0.16-0.38), whereas the time to peak in the left anterior chamber appeared higher in the microbead group than in the latanoprost, timolol, and saline groups (post hoc Tukey's tests, P < 0.05). For vitreous body measurements between contralateral eyes, only the microbead group showed significantly stronger Gd enhancement, by 12 6 9%, in the right vitreous compared to the left vitreous (paired t-test, P < 0.05). It is also noted that the vitreous of both treated and untreated fellow eyes in the brimonidine group had higher T1-weighted signal intensities by the end of the experimental period relative to the left control eyes in the latanoprost, timolol, and saline groups (post hoc Tukey's tests; left eye P < 0.05, right eye P ¼ 0.08-0.28).
Because of the significant Gd enhancement observed in the vitreous body after microbead occlusion and brimonidine treatment, more detailed assessments of the route of Gd entrance in the vitreous body in these two groups were performed, and the results are shown in Figures 6 and 7 . While rapid Gd enhancement was observed in the anterior chamber of all eyes, more gradual Gd leakage into the vitreous body was found in the microbead-induced hypertensive right eye as well as both brimonidine-treated and the fellow untreated eyes. Gadolinium predominantly leaked into the anterior vitreous more than the posterior vitreous with a shorter Gd onset time for both microbead-induced hypertensive right eye and , and saline (Sal) groups (paired t-tests between treated and untreated eyes, *P < 0.05, **P < 0.01, ***P < 0.001). The treated right anterior chamber in the microbead group had significantly higher peak intensity, higher initial increase rate, shorter time to peak, and marginally larger area under the curve than the untreated left anterior chamber. In contrast, the treated right anterior chamber in the latanoprost group had significantly lower peak intensity, lower initial increase rate, longer time to peak, and smaller area under the curve than the untreated left anterior chamber. Relative to the latanoprost group, the timolol group showed similar and marginally significant trends (paired t-tests between contralateral eyes, P ¼ 0.055-0.2). For the brimonidine group, both left and right anterior chamber showed significantly higher peak intensity, lower initial increase rate, and delayed time to peak relative to the untreated left anterior chamber in the microbead, latanoprost, timolol, and saline groups (ANOVA and post hoc Tukey's tests, P < 0.05). The area under the curve follows trends similar to those for peak intensity measurement. For vitreous body measurements between contralateral eyes, only the microbead group showed significantly stronger Gd enhancement in the right vitreous compared to the left vitreous. It is also noted that the vitreous of both treated and untreated fellow eyes in the brimonidine group had enhanced Gd signals by the end of the experimental period (post hoc Tukey's tests between brimonidine and latanoprost, timolol, and saline groups; left eye P < 0.05, right eye P ¼ 0.08-0.28). Significant differences in the area under the curve between left and right vitreous were found in both the microbead and brimonidine groups. In the untreated left anterior chamber, no significant difference was observed in the peak intensity among the microbead, latanoprost, timolol, and saline groups (ANOVA, P > 0.05). However, time to peak in the left anterior chamber appeared higher in the microbead group than in the latanoprost, timolol, and saline groups (ANOVA and post hoc Tukey's tests, P < 0.05), whereas the initial increase rate for the untreated left anterior chamber in the latanoprost and timolol groups appeared higher than in the microbead and saline groups (ANOVA, P ¼ 0.16-0.38). FIGURE 6. Enlarged T1-weighted Gd-enhanced serial MR images of the eyes temporally averaged at four different time intervals (left four columns) and images of signal differences between the fourth and first time intervals (rightmost column) in the microbead (top)-and brimonidine tartrate (bottom)-treated groups. The anterior and posterior portions of the vitreous body are defined and delineated by the yellow and green regions of interest, respectively. While rapid and significant Gd enhancement was observed in the anterior chamber, gradual Gd leakage into the vitreous body was found in the microbead-induced hypertensive right eye as well as both brimonidine-treated and fellow untreated eyes, but not the untreated left eye in the microbead group or in either eye of the latanoprost-, timolol-, or saline-treated groups (not shown). Gd preferentially leaked into the brimonidine-treated right eye (paired t-tests, P < 0.05), suggestive of a compromise of aqueous-vitreous barrier integrity. Despite significantly stronger Gd enhancement in the vitreous body of the untreated left eye in the brimonidine group compared to all other groups, no significant difference in Gd onset time was observed between anterior and posterior vitreous of the left eye. The onset time of Gd enhancement in the posterior vitreous was shorter in the untreated left eye than in the treated right eye in the brimonidine group (paired ttest, P < 0.05). The cross-sectional area of the anterior chamber in the microbead group appeared larger in the right eye than in the left eye by 33.4% (paired t-test, P < 0.05).
DISCUSSION
Our results demonstrated that Gd-MRI of the eye can be used to measure spatiotemporally the aqueous humor dynamics and ocular tissue permeability upon altered IOP in an experimental model of chronic glaucoma and during pharmacologic manipulations. The aqueous humor fills the anterior and posterior chambers, constituting a transparent medium for the optical system and acting as a blood surrogate bathing the avascular structure such as the lens and the cornea. It is mainly secreted by the ciliary epithelium lining on the ciliary processes and circulates through the pupil. 29 Upon systemic administration, Gd acts as a passive tracer for the aqueous humor and enters the posterior chamber via the bloodaqueous barrier, 20, 22 whereas the aqueous-vitreous and bloodretinal barriers are generally impermeable to Gd in normal adult eyes. 23, 25 As Gd diffuses and follows aqueous humor flow, it accumulates in the anterior chamber and causes increasing T1-weighted MRI signal enhancement (Figs. 2, 3,  6) . 20, 30 At the same time, Gd may be gradually cleared through two known aqueous outflow pathways: the conventional pathway via the circumferential Schlemm's canal 31 and the nonconventional or uveoscleral pathway via the uveal meshwork and the anterior face of ciliary muscle. 32 Depending on the flow dynamics, different states of ocular physiology may give different Gd signal time courses as shown in this study. Initial rate of Gd signal increase, peak Gd signal enhancement, time to peak, and the area under the curve in the Gd signal Quantitative comparisons of the Gd onset time, defined as when Gd signal enhancement reached 2% of baseline values, showed significantly shorter Gd onset time in the anterior than in the posterior vitreous of the right eyes in both the microbead and brimonidine groups (paired t-tests, *P < 0.05), which echoes with the potential compromise of aqueous-vitreous barrier integrity leading to Gd flow in the vitreous in an anterior to posterior direction. Despite significantly stronger Gd enhancement in the vitreous body of the untreated left eye in the brimonidine group compared to all other groups, no significant difference in Gd onset time was observed between anterior and posterior vitreous of the left eye. The onset time of Gd enhancement in the posterior vitreous was shorter in the untreated left eye than in the treated right eye in the brimonidine group (paired t-test, #P < 0.05). Subtle Gd enhancement (3.8 6 2.6%) in the untreated left vitreous body was observed in the microbead group but did not reach statistical significance compared to values for the latanoprost, timolol, and saline groups (ANOVA, P > 0.05) (paired t-tests between anterior and posterior vitreous, *P < 0.05; paired t-tests between left and right eyes, #P < 0.05).
anterior vitreous (closed arrows) of both the microbead-induced hypertensive right eye and brimonidine-treated right eye, suggestive of the compromise of aqueous-vitreous barrier integrity upon experimental chronic ocular hypertension. More homogenous Gd leakage was observed in the vitreous of the untreated left eye in the brimonidine group (open arrow). Together with the higher peak Gd intensity in the anterior chamber of both treated and untreated eyes in the brimonidine group relative to all other groups, these observations may suggest compromise of the bloodocular and aqueous-vitreous barrier integrity as a potential systemic effect upon unilateral topical application of brimonidine. Note also the apparently larger cross-sectional area of the right anterior chamber versus the left anterior chamber in the microbead group. time courses may be helpful for quantitative evaluation of the causalities of altered aqueous humor dynamics and ocular tissue permeability in different eye components with ocular hypertension and antiglaucoma drug treatments.
The microbead-induced rodent model mimics glaucoma in humans via mild and sustained IOP elevation and may result in neurodegenerative changes such as retinal ganglion cell loss and axonal and myelin damages to the optic nerve. 1, 2, 33, 34 Unlike procedures in other glaucoma models such as laserinduced photocoagulation of the trabecular meshwork or the episcleral and limbal veins, the surgical procedures for microbead occlusion cause minimal damage to the anterior segment with no apparent sign of inflammation.
1,2,34 Intracamerally injected microbeads collect in the iridocorneal angle and block the trabecular meshwork and Schlemm's canal, increasing the resistance of aqueous humor outflow. 34 Such an increase in aqueous outflow resistance could reduce Gd clearance in the anterior chamber, as suggested by the leftward skewing of the Gd signal time course in the treated right anterior chamber relative to the untreated left anterior chamber (Fig. 4) . The increased accumulation of Gd upon increased outflow resistance by microbead occlusion, as well as the increased capacity of the anterior chamber for Gd, potentially accounts for the higher peak Gd signal enhancement, the higher initial rate of Gd signal increase, and the shorter time to peak in the anterior chamber of the treated right eye. The area under the signal time curve has been often used in pharmacokinetic modeling of Gd concentration-time integral in dynamic contrast-enhanced MRI. In this study, the increase in area under the curve in the treated right anterior chamber of the microbead group may reflect an increase in the overall amount of contrast agents delivered to and retained in the anterior chamber within the stated experimental time period. Apart from altered aqueous humor dynamics in the anterior chamber, chronic ocular hypertension appeared to compromise the aqueous-vitreous barrier integrity, causing Gd to leak into the vitreous body. 23 The significantly shorter Gd onset time in anterior vitreous versus posterior vitreous of the right, hypertensive eye confirmed that the leakage originated in the aqueous-vitreous interface and flowed in an anterior to posterior direction in the vitreous. Gadolinium leakage to the vitreous body from the aqueous-vitreous interface has been observed in experimental newborn rats, when the tight junctions of the blood-ocular barriers were underdeveloped, 35 and in adult rats that underwent neonatal hypoxia-ischemia. 36 A similar phenomenon was also observed in the current microbead-induced rat model and in the laser-induced chronic ocular hypertension rat model. 24 These findings suggest that disruption of the aqueous-vitreous barrier integrity could be a general observation in experimental chronic ocular hypertension. How such disruption may affect the compositions of aqueous and vitreous humors, their interactions with the ocular environment, and their impacts on glaucoma and other related eye disease may be worthy of further investigations in future studies.
Although both latanoprost and timolol maleate can lead to IOP-lowering effects, their pharmacologic mechanisms are known to be different and may be reflected by Gd-MRI. Latanoprost is a prostaglandin F 2a -receptor analogue that reduces IOP by increasing uveoscleral drainage of the aqueous humor, 9, 37, 38 whereas timolol is a nonselective beta-adrenergic receptor antagonist that reduces IOP by decreasing aqueous humor formation. 39, 40 As latanoprost facilitates uveoscleral outflow, Gd in the anterior chamber was likely drained away faster upon topical application, while reduction of aqueous humor formation after timolol administration would reduce Gd entrance to the anterior chamber. Overall, these effects gave lower peak intensity, lower initial rate of signal increase, delayed time to peak, and reduced area under the Gd signal time courses in the right anterior chamber compared to the left control, in contrast to microbead-induced ocular hypertension. While the uveoscleral route is characterized by a constant outflow rate in a wide range of IOP, 41 the conventional outflow facility is driven by the difference between IOP and episcleral venous pressure. 42 When IOP is higher than episcleral venous pressure, the pressure difference increases the conventional outflow facility and forces the aqueous humor to drain through the circumferential Schlemm's canal. In contrast, when IOP is below 10 mm Hg, the conventional outflow facility has been shown to decrease to retain the volume of aqueous humor and IOP. 43 With regard to timolol treatment with mean IOP below 10 mm Hg in the current study, reduced aqueous formation with subsequent reduction in conventional drainage might neutralize the expected decreases in Gd entrance and clearance, leading to a smaller net effect on aqueous humor dynamics than the increase in pressure-independent uveoscleral outflow from latanoprost treatment. This may explain why the timolol-treated group showed similar but milder trends toward significance in Gd signal time courses compared to the latanoprost-treated group.
Brimonidine is a selective alpha-2 adrenergic agonist known to reduce aqueous formation and at the same time facilitate uveoscleral outflow. 44 It can be taken orally or topically, and it readily crosses the blood-ocular and bloodbrain barriers, interacting with central nervous system (CNS) receptors. 45, 46 Unlike oral administration, topical administration bypasses hepatic first-pass metabolism because drugs enter the circulatory system directly through conjunctiva or lacrimal ducts. This bypass path may lead to a relatively larger amount of pharmaceutical entering the circulatory system compared with oral administration 47 and may potentially lead to adverse side effects in the circulatory system and the CNS. 46, [48] [49] [50] [51] [52] Systemic cardiovascular effects such as hypotension and bradycardia 45, 53 and CNS depression 54, 55 have been reported as side effects of brimonidine topical administration especially in infants and children. Although the IOP of the treated right eye remained significantly lower than that of the left control eye, similar to observations in previous reports, 56 the underlying reasons for the drastic differences in Gd signal time courses in both eyes of the brimonidine-treated group compared to all other groups are currently unclear; nevertheless, they suggest significant systemic absorption and transfer of antiglaucoma agent to the fellow eye (the consensual ophthalmotonic reaction), 57 cardiovascular effect of brimonidine administration, and involvement of unexplored aqueous humor pathways other than suppression of inflow or facilitation of outflow 58 that may predominate in IOP alteration. Together with the higher peak Gd intensity in the anterior chamber of both treated and untreated eyes in the brimonidine group compared to all other groups, the Gd leakage into the vitreous of both eyes of the brimonidinetreated group also suggests a systemic effect on blood-ocular and aqueous-vitreous barrier integrity in both eyes after unilateral topical application of brimonidine. 56, 59, 60 In this Gd-MRI study, all treatments were applied to the right eye, and the left eye served as an internal control. In addition, the saline sham control Gd-MRI experiment was performed on six rats selected from the three ocular hypotensive drug groups at 3 weeks after the first Gd-MRI experiment, with no apparent difference observed between the saline-treated eye and the fellow eye. However, subtle differences were observed in the initial rate of Gd signal increase and time to peak in the anterior chamber of the untreated left eyes among the microbead, latanorpost, timolol, and saline groups. This may reflect the potential unilateral treatment effect on aqueous humor dynamics in the untreated eyes.
Gadolinium is a Food and Drug Administration-approved MR contrast agent for human use. Dynamic ocular Gd-MRI technique has also been successfully demonstrated in healthy human subjects 22 and patients with eye diseases, 61, 62 and may be directly applicable to glaucoma patients, although cautions are warranted for use in renal patients because of potential complications from high-dose Gd administration on renal functions. 63 In future studies the noninvasiveness and capability for spatiotemporal characterizations of ocular physiology by Gd-MRI together with other brain MRI techniques 64, 65 on the visual system may provide an effective, comprehensive, and precise monitoring method for investigations of the consensual ophthalmotonic reaction phenomenon and the structural and physiological eye-brain relationships of glaucoma progression and protection. Moreover, the proposed Gd-MRI system may be combined with different imaging modalities such as optical imaging systems to provide complementary information for assessing aqueous humor dynamics. For example, while Gd-MRI provides a larger field of view and penetration depth for visualizing and evaluating aqueous humor dynamics in the whole globes systematically, optical coherence tomography may provide higher spatial and temporal resolutions for more focused evaluation of small ocular components such as Schlemm's canal 66, 67 and intrascleral aqueous humor outflow. 68 Future studies may employ T1 mapping in addition to the current T1-weighted imaging to determine the changes in rate of aqueous flow in the ocular components using the compartmental diffusion model. 26, 69 Future studies may also explore the dose-dependent effect, the diurnal/nocturnal effect, and the systemic effect of long-term topical ophthalmic treatment on Gd signal enhancement using simultaneous physiological monitoring such as systemic blood pressure, episcleral venous pressure, and heart rate measurements so as to better understand the causal relationships between ocular physiology, consensual ophthalmotonic reaction, systemic cardiovascular effects, and CNS degeneration/disorder to improve strategies for glaucoma treatment.
In conclusion, the current results demonstrated the use of ocular Gd-MRI as a noninvasive and sensitive model system to visualize and assess spatiotemporally the aqueous humor dynamics and ocular tissue permeability in different eye components upon IOP alterations. Initial rate of Gd signal increase, peak Gd signal enhancement, time to peak, and area under the curve in the Gd signal time courses may quantitatively reflect altered ocular physiology in the anterior chamber, vitreous, and blood-ocular and aqueous-vitreous barriers upon microbead-induced chronic ocular hypertension. Gadolinium MRI may also allow evaluation of the efficacy of antiglaucoma agents through longitudinal monitoring of the aqueous humor flow in vivo. To date, there are only few methods enabling assessment of the effect in vivo on aqueous humor production and uptake spatiotemporally without depth limitation. Our current method may provide such information and put forward Gd-MRI as a tool to investigate novel, unexplored aqueous humor flow pathways globally within the orbit and the head in future studies. Our results also draw attention to the need to better understand the systemic effects of unilateral topical ophthalmic hypotensive drug applications on both treated and untreated eyes during glaucoma treatment.
